We calculate the bulk photovoltaic response of the ferroelectrics BaTiO 3 and PbTiO 3 from first principles by applying "shift current" theory to the electronic structure from density functional theory. The first principles results for BaTiO 3 reproduce eperimental photocurrent direction and magnitude as a function of light frequency, as well as the dependence of current on light polarization, demonstrating that shift current is the dominant mechanism of the bulk photovoltaic effect in BaTiO 3 . Additionally, we analyze the relationship between response and material properties in detail. The photocurrent does not depend simply or strongly on the magnitude of material polarization, as has been previously assumed; instead, electronic states with delocalized, covalent bonding that is highly asymmetric along the current direction are required for strong shift current enhancements. The complexity of the response dependence on both external and material parameters suggests applications not only in solar energy conversion, but photocatalysis and sensor and switch type devices as well.
INTRODUCTION
which arises from the second-order interaction with monochromatic light. The electrons are excited to coherent superpositions, which allows for net current flow due the asymmetry of the potential. Bulk polarization is not required; only inversion symmetry must be broken.
Shift currents have been investigated experimentally [19, [27] [28] [29] [30] [31] [32] [33] [34] , analytically [20, 23, [35] [36] [37] , and computationally, though only for a few nonpolar materials [23] [24] [25] . Perturbative analysis treating the electromagnetic field classically yields the shift current expression [20, 23] J q = σ 
where n ′ , n ′′ are band indices, k is the wavevector in the Brillouin zone, ω n (k) is the energy 34 of the nth band, so that σ rs q gives the current density response J to electromagnetic field E.
35
χ nq (k) denote the Berry connections for band n at k, and φ n ′ n ′′ is the phase of the transition 36 dipole between the bands n ′ and n ′′ . It is worth noting that while the Berry connections 37 introduce a gauge dependence, it is exactly canceled by the gauge dependence of
so that the overall expression is gauge invariant.
39
We may view this expression as the product of two terms with physical meaning σ rs q (ω) = e n ′ ,n ′′ dk I rs (n ′ , n ′′ , k; ω)R q (n ′ , n ′′ , k)
where
is the transition intensity, which is proportional to the imaginary part of the permittivity and describes the strength of the response for this transition, and
is the shift vector, which gives the average distance traveled by the coherent carriers during their lifetimes. As an analytical tool, we compute and plot the quantitȳ We note thatR has units of length over frequency and is not physical, nor is it weighted 40 by intensity; as such theR only provides qualitative information about the aggregate shift 41 vector. For additional information, see the supplemental materials.
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METHODS
43
Wavefunctions were generated using the Quantum Espresso and Abinit plane-wave DFT candidates for investigating the structural influence on the shift current response.
54
The calculations for PbTiO 3 and BaTiO 3 were performed using experimental room tem- 
62
The shift current depends weakly on the aggregate transition intensities and shift vectors.
63
In PTO, at 5 eV there is a peak in both the current and intensity, yet the shift vector is 64 relatively small. In fact, despite negative aggregate shift vector at many frequencies, the 
where α is the absorption coefficient, E is the electric field strength, which can be determined 75 from the light intensity I, w is the width of the crystal surface exposed to illumination, and To further investigate the connection of photovoltaic effect to material polarization, we effect in these materials.
155
For the materials analyzed, the strongest responses are at frequencies well into the UV 156 spectrum and outside the spectral range probed in most experiments. Consequently, the In the present work, the optical response is treated semiclassically. The quantum Liouville equation for the dipole Hamiltonian is expanded to second order. The perturbation and second-order density matrix term in the interaction picture arê
The shift current will arise from the (0; ω, −ω) terms, corresponding to successive interactions with the positive and negative frequency components of the incident electromagnetic field, creating a zero frequency, or non-oscillating, coherent state. The current density is
The terms where n ′ = n ′′′ cancel at k and −k due to time reversal symmetry, and are 5 excluded. Thus, only coherent excitations can carry current.
6
Using the identity
and the position operator for periodic systems first introduced in [42] ,
we can obtain after some manipulation the expression we can reformulate the shift vector using
Then we have R(n ′ , n ′′ , k) = lim ∆kq→0 1 ∆k q i ln n ′′ k| P |n ′ k n ′ k n ′ (k + ∆k)
n ′′ k| P |n ′ (k + ∆k) + ln n ′′ k| P |n ′ k n ′′ k n ′′ (k + ∆k) n ′′ (k + ∆k)| P |n ′ k each term of which is manifestly gauge invariant. The expression can be generalized to the 8 degenerate and near degenerate case by considering band sets and the appropriate operator 9 sub-blocks.
10
Glass Coefficient
11
The solution to Maxwell's equations for and electromagnetic wave in a lossy medium can be written as E 0 e ik·r e iωt , where k is a complex wavevector, such that
Solving for k(assuming propogation direction Z) Letters 97, 102104 (2010).
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